Age differences in the strategies that individuals spontaneously use to learn new information have been shown to contribute to age differences in episodic memory. We investigated the role of prefrontal structure in observed age effects on self-initiated use of memory strategies. The relationships among age, prefrontal regional gray matter volumes, and semantic and serial clustering during free recall on the California Verbal Learning Test-II were examined across the adult lifespan. Semantic clustering was negatively correlated with age and positively correlated with gray matter volumes in bilateral middle and left inferior frontal regions across the adult lifespan. Gray matter volumes in these regions mediated the effects of age on semantic clustering. Forward serial clustering was also negatively correlated with age. However, forward serial clustering was not significantly positively correlated with gray matter volumes in any region of lateral prefrontal cortex. These results suggest that bilateral middle and left inferior frontal regions support self-initiated semantic memory strategy use across the adult lifespan. They also suggest that age differences in prefrontal gray matter volume are a significant contributor to age differences in self-initiated use of elaborative memory strategies.
Introduction 1
Episodic memory is one of the domains of cognition susceptible to decline with age (for a review see Balota et al., 2000) . For example, older adults' ability to recall studied information is impaired relative to younger adults' when they are told to learn new information, but are not explicitly instructed how to do so (unsupported intentional encoding) (Hultsch et al., 1990; Murphy et al., 1997; Sanders et al., 1980) . Prior research suggests that age differences in self-initiated use of memory strategies contribute to age differences in episodic memory (Hertzog et al., 1998; Kirchhoff et al., 2012a; Perfect and Dasgupta, 1997; Verhaeghen and Marcoen, 1994 ; for a review see Kirchhoff et al., 2012b) . Self-initiated memory strategy use is the self-selection and intentional use of specific sets of cognitive processes to learn or retrieve information.
One of the techniques that has been used to compare self-initiated memory strategy use in younger and older adults is clustering analyses of word retrieval order. In a common variant of this technique (e.g., see Hazlett et al., 2010) , a list of words is studied and retrieved multiple times. The word list is presented in the same order during each encoding trial, and words are studied using unsupported intentional encoding. The word list contains words from multiple semantic categories (e.g., animals, vegetables, furniture, etc.). However, words from the same category are not presented consecutively (unblocked presentation) . Following each encoding trial, participants are asked to say or write as many words as they can remember from the list in any order (free recall). The order in which the words are recalled is then examined to assess strategic processing.
Forward serial clustering occurs when participants recall words in the same order as they were presented in during encoding (Pellegrino and Battig, 1974) . Given that word rehearsal order during encoding of word lists has been shown to be reflected in word output order during free recall (Rundus, 1971) , forward serial clustering is thought to be a measure of participants' use of memory strategies during encoding and/or retrieval that facilitate retrieval of word order (e.g., rehearsal of word order during encoding). Prior research suggests that healthy aging may not significantly affect forward serial clustering (Murphy et al., 1997) .
Semantic clustering occurs when participants report words from the same semantic category consecutively during free recall (Bousfield, 1953) . It is thought to be a measure of participants' use of semantic memory strategies during encoding and/or retrieval (e.g., rehearsing words from the same semantic category together during encoding). In support of this, categorical clustering during encoding has been shown to lead to categorical clustering during free recall (Schmitt et al., 1981; Weist, 1972) . Lower semantic clustering has been reported for older than younger adults following unsupported intentional encoding (Gutchess et al., 2006; Jacobs et al., 2001; Murphy et al., 1997; Sanders et al., 1980) , suggesting that older adults are less likely than younger adults to self-initiate semantic strategies during encoding and/or retrieval. Consistent with this, Sanders et al. (1980) found that older adults rehearsed words by category less frequency than younger adults when they were instructed to verbalize their thoughts during unsupported intentional encoding of an unblocked categorized word list. Importantly, Schmitt et al. (1981) found that explicitly instructing older adults to use a semantic categorization strategy during encoding can increase their use of this strategy, their semantic clustering during free recall, and the number of words they are able to recall. This suggests that age differences in elaborative memory strategy use are driven primarily by age differences in the ability to self-initiate elaborative memory strategies, instead of the ability to implement them or benefit from their use.
Self-initiated memory strategy use in younger and older adults has also been compared using retrospective self-reports. In these studies, encoding strategy use was assessed after unsupported intentional encoding by asking participants to answer open-ended strategy use questions (Devolder and Pressley, 1992; Hertzog et al., 1998 Hertzog et al., , 2010 Naveh-Benjamin et al., 2007) , to indicate how frequently they used different encoding strategies on rating scales (Brooks et al., 1993; Kirchhoff et al., 2012a; Verhaeghen and Marcoen, 1994) , or to indicate what strategy they used to encode each stimulus (Dunlosky and Hertzog, 2001; Rowe and Schnore, 1971) . These assessments of self-initiated memory strategy use have revealed that older adults more frequently report not using any strategies to learn words during encoding than younger adults (Devolder and Pressley, 1992; Kirchhoff et al., 2012a; Rowe and Schnore, 1971) . Older adults are also less likely to report using elaborative encoding strategies than younger adults (Brooks et al., 1993; Hertzog et al., 1998 Hertzog et al., , 2010 Naveh-Benjamin et al., 2007; Verhaeghen and Marcoen, 1994) . However, instructing or training older adults to use elaborative encoding strategies can increase their self-reported use of these strategies and improve their memory performance (Kirchhoff et al., 2012a; Naveh-Benjamin et al., 2007) . This further suggests that age differences in memory strategy use are driven primarily by age differences in the ability to self-initiate effective memory strategies.
Currently, relatively little is known regarding what drives age differences in self-initiated use of memory strategies. One factor that may be a significant contributor to these age differences is age differences in prefrontal function. Prefrontal cortex plays a central role in supporting self-initiated use of elaborative memory strategies. Individuals with prefrontal lesions are less likely than healthy controls to cluster words by semantic category during free recall Gershberg and Shimamura, 1995; Hildebrandt et al., 1998) . They are also more likely to report not using any strategies during unsupported intentional encoding than healthy controls (Gershberg and Shimamura, 1995) . However, individuals with prefrontal lesions can effectively use elaborative strategies during encoding and retrieval when they are explicitly instructed to do so (Gershberg and Shimamura, 1995; Hirst and Volpe, 1988) . In healthy younger adults, positive correlations have been reported between semantic clustering and gray matter volume in the left inferior frontal gyrus and gyrus rectus (Matsui et al., 2008) . Associations with semantic clustering are not limited to structural measures of brain volume in healthy individuals, but extend to functional measures of brain activity patterns as well. For example, Savage et al. (2001) demonstrated that activity during unsupported intentional encoding in right orbitofrontal and ventromedial frontal cortex is positively correlated with subsequent semantic clustering during free recall. Positive correlations have also been found between semantic clustering and a combined measure of brain activity during unsupported intentional encoding and free recall in right medial and bilateral dorsolateral and inferior frontal cortex (Hazlett et al., 2004; Nohara et al., 2000) . Self-report measures of strategic processing have also revealed that self-initiated use of verbal and visual encoding strategies engages prefrontal regions (verbal: medial superior, right superior, and left inferior regions; visual: right superior and inferior regions) (Kirchhoff and Buckner, 2006 ).
While prefrontal cortex supports self-initiated use of elaborative memory strategies, it may not play a necessary role in self-initiation of the relatively simple memory strategies that lead to high levels of forward serial clustering during recall. Prior research suggests that forward serial clustering is not impaired in individuals with prefrontal lesions (Alexander et al., 2003; Baldo et al., 2002; Stuss et al., 1994) . In addition, studies that have examined the neural correlates of forward serial clustering in healthy younger and middle-aged adults have not found positive correlations between forward serial clustering and prefrontal structure or activity patterns (Hazlett et al., 2000 (Hazlett et al., , 2004 Matsui et al., 2008; Rannikko et al., 2012) .
Consistent with the hypothesis that age differences in prefrontal function play a significant role in age differences in self-initiated use of memory strategies, prefrontal cortex is one of the brain regions most affected by aging (for reviews see Gunning-Dixon et al., 2009; Raz and Rodrigue, 2006) . Negative associations between age and prefrontal gray and white matter volumes have been reported in both crosssectional adult lifespan and longitudinal research (Driscoll et al., 2009; Jernigan et al., 2001; Raz et al., 1997 Raz et al., , 2005 Resnick et al., 2003) . Aging has also been shown to be associated with increases in white matter hyperintensity volume (Burgmans et al., 2010; Gunning-Dixon and Raz, 2003; Sachdev et al., 2007) and decreases in white matter fractional anisotropy Michielse et al., 2010; Pfefferbaum et al., 2005; Salat et al., 2005) in prefrontal cortex.
To date, few studies have examined the neural correlates of selfinitiated memory strategy use in healthy older adults. Kirchhoff et al. (2012a) examined the effects of semantic encoding strategy training on older adults' brain activity patterns during unsupported intentional encoding. They found that training-related changes in recognition were positively correlated with training-related changes in brain activity in medial superior and left dorsolateral and inferior prefrontal cortex. Hazlett et al. (2010) examined the relationship between semantic clustering and a combined measure of brain activity during unsupported intentional encoding and free recall across the adult lifespan (i.e., 20s to 80s). They found a positive correlation between semantic clustering and activity in left inferior prefrontal cortex in women, and a negative correlation between semantic clustering and activity in left inferior and orbital prefrontal cortex in men. To our knowledge, the contribution of age effects on prefrontal structure to age effects on selfinitiated memory strategy use has not been directly explored.
The goal of the present research was to investigate whether prefrontal structure mediates age effects on self-initiated use of memory strategies. The relationships among age, prefrontal regional gray matter volumes, and clustering during free recall on the California Verbal Learning Test-II (CVLT-II; Delis et al., 2000) were examined. We hypothesized that prefrontal regional gray matter volumes would be positively correlated with semantic but not forward serial clustering across the adult lifespan. We also hypothesized that prefrontal regional gray matter volumes would mediate the effects of age on semantic clustering.
Material and methods

Participants
Demographic, cognitive assessment, strategy use, memory performance, and regional gray matter volume data came from an archival dataset of structural brain images and neuropsychological assessments of one hundred and fifty healthy adults (96 female, 54 male) aged 18 to 91 (M = 55.1, SD = 22.2). Participants were initially recruited from the Washington University Psychology Department's older adult subject pool and the St. Louis community. All participants were righthanded native English-speakers. They were screened for neurologic illness, head injury, and medical conditions that might produce cognitive impairment (e.g., cerebrovascular disease, Parkinson's disease, etc.). Participants were also screened for gross cognitive status using the Mini-Mental Status Exam (MMSE; Folstein et al., 1975) . Individuals included in this study had a MMSE score of 27 or higher. Educational history was assessed using a seven-point scale on which one indicated that a person had not completed high school or a GED and seven indicated that a person had a M.D., J.D., Ph.D. or other advanced degree. Participants' demographic characteristics are summarized in Table 1 . Study procedures were approved by Washington University's Human Studies Committee, and informed consent was obtained in accordance with its guidelines.
Assessments of cognitive function, strategy use, and memory performance
Scores on the MMSE were used as a measure of gross cognitive status. The vocabulary subtest of the Shipley Institute of Living Scale (Shipley, 1940) was used as a measure of participants' semantic processing ability. Immediate recall of word list A from the CVLT-II was used to assess participants' strategy use and memory performance. Participants were read a list of sixteen words (four words per semantic category) and were asked to verbally recall the words on the list in any order immediately after the last word on the list was read. Participants' responses were transcribed by the experimenter. This study-test cycle was repeated for five trials. The same list of words was presented in the same order during the study phase of all five trials. Words from the same category were never presented consecutively. Participants' semantic strategy use during encoding and/or retrieval was measured by averaging the Chance Adjusted Semantic Clustering scores (Delis et al., 2000; Stricker et al., 2002) for each of the five immediate memory trials. The Chance Adjusted Semantic Clustering score for a trial equaled the number of correct semantic clusters -((the number of correctly recalled words − 1) / 5). A semantic cluster occurred whenever a participant recalled a correct word immediately following another correct word from the same category. The possible score range for Chance Adjusted Semantic Clustering was −3.0 to 9.0. Participants' forward serial strategy use during encoding and/or retrieval was measured by averaging the Chance Adjusted Serial Clustering scores (Delis et al., 2000; Stricker et al., 2002) for each of the five immediate memory trials. The Chance Adjusted Serial Clustering score for a trial equaled the number of correct serial clusters -((the number of correctly recalled words − 1) / 16). A serial cluster occurred whenever a participant recalled a correct word immediately following another correct word in the same order as their presentation on word list A. The possible score range for Chance Adjusted Serial Clustering was − .93 to 14.06. Memory performance was measured by averaging the number of words correctly recalled during each of the five immediate memory trials.
Image acquisition and processing
A high resolution, T1-weighted sagittal magnetization-prepared rapid gradient echo (MPRAGE) scan (TR = 9.7 ms, TE = 4 ms, flip angle = 10°, TI = 20 ms, voxel size = 1 × 1 × 1.28 mm, slices = 128) was acquired using a Siemens 1.5 Tesla Vision MRI scanner (Erlangen, Germany). Cushions and a thermoplastic mask were used to minimize head movement during scanning. The MRI scan sessions occurred within an average of 12 days (SD 22 days) of the assessments of cognitive function, strategy use, and memory performance.
Regional volumetry
Regional gray matter volumes were generated using the Freesurfer image analysis suite (version 5.0; http://surfer.nmr.mgh.harvard.edu/) (Desikan et al., 2006; Fischl et al., 2002 Fischl et al., , 2004a . Freesurfer implements an automated labeling procedure in which each voxel in a T1-weighted image is assigned a neuroanatomical label based on probabilistic information derived from a manually labeled training set. Regional gray matter volumes generated using this procedure have been shown to have a high correspondence with manually traced volumes (Fischl et al., 2004b) . Regions of interest (ROIs) were identified using the Desikan-Killiany atlas within Freesurfer and included superior, caudal middle, rostral middle, inferior, medial orbital, and lateral orbital frontal regions bilaterally (see Fig. 1 for location of ROIs). Volumes were adjusted for intracranial volume using a covariance approach Mathalon et al., 1993) .
Analytic approach Outlier analysis
Demographic, cognitive assessment, strategy use, recall, and regional gray matter volume data were first examined for multivariate outliers by calculating a Mahalanobis D 2 score for each participant (Lattin et al., 2003) . The Mahalanobis D 2 score p values were N 0.001 for all participants, indicating that there were no multivariate outliers. The data were also examined for univariate outliers. Two participants had serial clustering scores greater than 4 standard deviations above the mean. The pattern of results did not differ when these values were included versus excluded. The results reported here include these values.
Missing data
The Shipley vocabulary score for one participant was missing. It was replaced using regression imputation via likelihood estimation. The expectation-maximization algorithm in SPSS (version 20) was used to estimate the missing vocabulary score based on all the other data (i.e., all age, sex, education, MMSE, vocabulary, forward serial clustering, semantic clustering, recall, and regional gray matter volume data points).
Covariates
Zero-order correlations between sex, education, gross cognitive status, semantic processing ability, and all predictor and outcome variables were examined (α = 0.05, one-tailed). There were significant zero-order correlations between sex, gross cognitive status, and semantic processing ability and at least one predictor or outcome variable. Therefore, these variables were treated as covariates in statistical analyses. Education was not significantly correlated with any predictor or outcome variable (all ps N 0.1), and therefore was not included as a covariate in statistical analyses.
Partial correlation analyses
Age, sex, gross cognitive status, semantic processing ability, forward serial clustering, semantic clustering, recall, and regional gray matter volume data were transformed into z scores. These z scores were used in all data analyses. Partial correlation analyses of the relationships among age, strategy use, recall, and regional gray matter volumes that controlled for sex, gross cognitive status, and semantic processing ability were conducted. A one-tailed α of 0.05 was used as the statistical significance threshold for these partial correlations because we had a priori hypotheses regarding the directions of the relationships among these variables based on prior literature. Partial correlation analyses in which regional gray matter volume was a variable were corrected for multiple comparisons using a False Discovery Rate (FDR) correction (Benjamini and Hochberg, 1995) . Partial correlations between age and forward serial and semantic clustering were used to investigate the effects of age on self-initiated use of serial and semantic strategies. The relationship between age and prefrontal structure was examined using partial correlations between age and regional gray matter volumes. Partial correlations between regional gray matter volumes and forward serial and semantic clustering scores were used to investigate what prefrontal regions support self-initiated use of serial and semantic strategies across the adult lifespan.
Hierarchical linear regression analyses
To examine whether the relationships between brain structure and self-initiated strategy use vary as a function of age, hierarchical linear regression analyses were conducted. Specifically, the effect of age on the relationship between gray matter volume and clustering was examined for prefrontal ROIs in which there was a significant partial correlation between gray matter volume and clustering. Separate regression models were created for each ROI. Sex, gross cognitive status, and semantic processing ability covariates were entered in the first steps of hierarchical linear regression models predicting clustering. Age and regional gray matter volume were entered in the second steps. Age and regional gray matter volume data were then multiplied together to create interaction terms, and these interaction terms were entered into the models in the third steps. A significant interaction term would indicate that age moderates the relationship between gray matter volume and self-initiated strategy use within a region.
Hierarchical linear regression analyses were also conducted to examine whether the relationships between brain structure and selfinitiated strategy use vary as a function of sex in the prefrontal ROIs in which there was a significant partial correlation between gray matter volume and clustering. Gross cognitive status and semantic processing ability covariates were entered in the first steps of these analyses. Sex and regional gray matter volume were entered in the second steps, and sex and regional gray matter volume interaction terms were entered in the third steps. A significant interaction term would indicate that sex moderates the relationship between gray matter volume and self-initiated strategy use within a region. An alpha of 0.05 (two-tailed) with a FDR multiple comparisons correction was used as the statistical significance criterion for all of the hierarchical linear regression analyses.
Mediation analyses
The INDIRECT mediation analysis software program developed by Preacher and Hayes (2008;  http://afhayes.com/spss-sas-and-mplusmacros-and-code.html) was used to examine whether regional gray matter volumes mediated age effects on self-initiated strategy use. This program uses bootstrapping to estimate indirect effects and to test whether they are significantly different from zero by generating confidence intervals. Standardized residuals controlling for sex, gross cognitive status, and semantic processing ability were used in these mediation analyses.
Results
Relationships among age, strategy use, and recall
Participants' scores on the MMSE, Shipley vocabulary subtest, and CVLT-II are summarized in Table 1 . Analyses of the relationships among age, self-initiated strategy use, and recall revealed that age was negatively correlated with forward serial clustering (pr = − .21, p b 0.01), semantic clustering (pr = − .16, p b 0.05), and recall (pr = − .55, p b 0.001). There was not a significant relationship between forward serial clustering and recall (pr = .09, p N 0.1). In contrast, semantic clustering was positively correlated with recall (pr = .48, p b 0.001). Semantic and forward serial clustering were negatively correlated with each other (pr = −.60, p b 0.001).
Volumetric correlates of self-initiated strategy use across the adult lifespan
Analyses of the relationships among age, regional gray matter volumes, and self-initiated strategy use revealed that age was negatively correlated with gray matter volumes in all ROIs (Table 2) . Forward serial clustering was not significantly positively correlated with gray matter volume in any ROI. In contrast, semantic clustering was significantly positively correlated with gray matter volume in left caudal middle, left inferior, and right rostral middle frontal regions (Fig. 2) .
To examine whether age moderated the relationships between gray matter volume and semantic clustering in left caudal middle, left inferior, and right rostral middle frontal cortex, hierarchical linear regression analyses were conducted with semantic clustering as the dependent variable. The first steps of these models, which contained sex, gross cognitive status, and semantic processing ability, were Importantly, the age × volume interactions in the third steps of these models were not significant in any of these regions (left caudal middle: ΔR 2 = .01, F(1, 143) = .77, p = 0.381; left inferior: ΔR 2 = .00, F(1, 143) = .33, p = 0.569; and right rostral middle: ΔR 2 = .00, F(1, 143) = .33, p = 0.568), indicating that age did not moderate the positive relationships between gray matter volume and semantic clustering in these ROIs.
Hierarchical linear regression analyses were also conducted to examine whether sex moderated the relationships between gray matter volume and semantic clustering in left caudal middle, left inferior, and right rostral middle frontal cortex. Semantic clustering was the dependent variable in these analyses. The first steps of the hierarchical linear regression models, which contained gross cognitive status and semantic processing ability, were significant (all ROIs: ΔR 2 = .04, F(2, 147) = 3.13, p = 0.047). The second steps of these models, which contained sex and volume, were also significant (left caudal middle: ΔR 2 = .09, F(2, 145) = 7.56, p = 0.001; left inferior: ΔR 2 = .10, F(2, 145) = 7.95, p = 0.001; and right rostral middle: ΔR 2 = .11, F(2, 145) = 9.42, p = 0.000). However, the sex × volume interactions in the third steps of these models were not significant in any of these regions (left caudal middle: ΔR 2 = .00, F(1, 144) = .06, p = 0.804; left inferior: ΔR 2 = .01, F(1, 144) = 1.93, p = 0.167; and right rostral middle: ΔR 2 = .01, F(1, 144) = 1.30, p = 0.256), which demonstrates that sex also did not moderate the positive relationships between gray matter volume and semantic clustering in these ROIs.
Prefrontal mediation of age effects on self-initiated semantic strategy use
We found negative correlations between age and prefrontal regional gray matter volumes and between age and semantic clustering. In addition, we found positive correlations between prefrontal regional gray matter volumes and semantic clustering. This pattern of results suggests that prefrontal regional gray matter volumes may mediate age effects on self-initiated semantic strategy use. To formally test this, we used a mediation analysis technique developed by Preacher and Hayes (2008) . The direct effect of age on semantic clustering controlling for gray matter volume, and the indirect effect of age on semantic clustering mediated by gray matter volume, were estimated in the bilateral middle and left inferior frontal ROIs with significant partial correlations between gray matter volume and semantic clustering using 20,000 bootstrap samples. The results of these mediation analyses are presented in Table 3 and Fig. 3 . The direct effect of age on semantic clustering was non-significant when controlling for gray matter volume in all three ROIs. In addition, the 95% bias-corrected and accelerated bootstrap confidence intervals for the indirect effect of age on semantic clustering mediated by gray matter volume did not contain zero in all three ROIs, indicating that these indirect effects were significant. This pattern of results demonstrates that gray matter volume was a significant mediator of the age effect on semantic clustering in bilateral middle and left inferior frontal cortex.
Discussion
In this research, we examined the relationships among age, prefrontal regional gray matter volumes, and clustering during free recall. Semantic clustering was negatively correlated with age and positively correlated with gray matter volumes in bilateral middle and left inferior frontal regions across the adult lifespan. Gray matter volumes in these regions mediated the effects of age on semantic clustering. Forward serial clustering was also negatively correlated with age. However, forward serial clustering was not significantly positively correlated with gray matter volume in any prefrontal region. The implications of these results are discussed below.
Consistent with prior reports of age differences in semantic clustering (Gutchess et al., 2006; Jacobs et al., 2001; Murphy et al., 1997; Sanders et al., 1980) , we found a negative correlation between age and semantic clustering. Importantly, prefrontal regional gray matter volumes were shown to mediate the effect of age on semantic clustering. This novel finding suggests that age differences in prefrontal gray matter volume are a significant contributor to age differences in selfinitiated use of elaborative memory strategies. White matter damage in prefrontal regions is also associated with aging (Gunning-Dixon and Raz, 2003; Head et al., 2004; Jernigan et al., 2001; Resnick et al., 2003) , and episodic memory function in older adults has been linked to white matter integrity (Charlton et al., 2010; Kennedy and Raz, 2009) . Therefore, future research should explore whether age differences in prefrontal white matter integrity also contribute to age differences in self-initiated use of elaborative memory strategies.
Gray matter volumes in the middle frontal gyrus were positively correlated with semantic clustering bilaterally in the present research. Hierarchical regression analyses revealed that age did not moderate the relationship between gray matter volume and semantic clustering in these dorsolateral prefrontal regions. This suggests that the middle frontal gyrus supports self-initiated semantic memory strategy use across the adult lifespan. Consistent with this, Hazlett et al. (2004) reported that activity in the vicinity of the middle frontal gyrus during unsupported intentional encoding and free recall was positively correlated with semantic clustering in healthy younger and middle-aged adults. Cognitive training-related changes in activity in the vicinity of the left middle frontal gyrus during encoding have also been shown to be positively correlated with cognitive training-related changes in self-initiated semantic encoding strategy use in healthy older adults (Kirchhoff et al., 2012a) .
Prior research suggests that the middle frontal gyri may support selfinitiated use of elaborative memory strategies by supporting relational processing during encoding. Blumenfeld et al. (2011) found that when healthy younger adults performed an encoding task that required them to form visual relationships between pairs of unrelated concrete nouns (i.e., forming interactive visual images of the object referents), bilateral activity in the middle frontal gyrus during encoding predicted their subsequent associative recognition of the word pairs. Fletcher et al. (1998) compared brain activity during intentional encoding of categorized word lists in conditions that differed in the amount of selfinitiated semantic relational processing that they required. Participants' brain activity was greater in the left middle frontal gyrus when they Direct Coeff = direct effect coefficient (unstandardized). Direct SE = standard error of direct effect coefficient. Direct p = p value for test of the significance of the direct effect (α = 0.05). Indirect PE = mean of indirect effect point estimates (unstandardized). Indirect SE = estimate of the standard error of the indirect effect point estimates. Lower = lower bound of 95% confidence interval for indirect effect. Upper = upper bound of 95% confidence interval for indirect effect. a = significant indirect effect of age on semantic clustering mediated by gray matter volume. Fig. 3 . Bilateral middle and left inferior frontal regions mediate age effects on semantic clustering. A) Representative, B) left caudal middle, C) left inferior, and D) right rostral middle frontal mediation models of the relationships among age, prefrontal regional gray matter volumes, and semantic clustering. The indirect effects of age on semantic clustering mediated by gray matter volume were significant in these regions while the direct effects of age on semantic clustering when controlling for gray matter volume were nonsignificant. a = The effect of age on prefrontal regional gray matter volume. b = The effect of prefrontal regional gray matter volume on semantic clustering controlling for the effect of age. ab = The indirect effect of age on semantic clustering mediated by prefrontal regional gray matter volume. c′ = The direct effect of age on semantic clustering when controlling for prefrontal regional gray matter volume. PFC = prefrontal cortex.
were required to process the meaning of words in relationship to each other to identify the categories present in a list than when they were told what categories would be present in a list before encoding. Consistent with this finding, greater activity has been reported in both the left and right middle frontal gyri during encoding when healthy younger and middle-aged adults were instructed to use a semantic categorization strategy to memorize unblocked categorized word lists than during unsupported intentional encoding (Miotto et al., 2006; Savage et al., 2001) . Greater activity has also been reported in the middle frontal gyrus bilaterally during intentional encoding after healthy younger adults were trained to use a method of loci mnemonic (Bower, 1970) than before (Kondo et al., 2005; Nyberg et al., 2003) . Use of this mnemonic involves visualizing each item of a to-beremembered list in a familiar location during encoding, thereby requiring the formation of relationships between items and locations. If the middle frontal gyri do play a central role in relational processing during encoding, our finding that gray matter volumes in the middle frontal gyri mediate age effects on semantic clustering suggests that age differences in self-initiated use of elaborative memory strategies may be driven in part by age differences in relational processing during encoding. Gray matter volume in the left inferior frontal gyrus was also positively correlated with semantic clustering in the present research. Age did not moderate this relationship, suggesting that the left inferior frontal gyrus also supports self-initiated semantic memory strategy use across the adult lifespan. Consistent with this, positive correlations have been reported between semantic clustering and gray matter volume (Matsui et al., 2008) and activity (Nohara et al., 2000) in healthy younger adults, and between semantic clustering and activity in women across the adult lifespan (Hazlett et al., 2010) , in the left inferior frontal gyrus. Activity in this region during intentional encoding has also been shown to increase following semantic strategy training in healthy younger and middle-aged adults (Miotto et al., 2006) . Prior research suggests that the left inferior frontal gyrus plays a central role in controlled semantic processing (Badre et al., 2005; Gold et al., 2006; Meinzer et al., 2012) . Therefore, it likely supports self-initiated semantic memory strategy use by processing the meaning of studied words during encoding and/or retrieval. Importantly, gray matter volume in the left inferior frontal gyrus was positively correlated with semantic clustering in the present research when participants' scores on a vocabulary test were partialled out of the volumetric and clustering data. This suggests that the positive correlations between gray matter volume and semantic clustering in this region were driven by individual differences in self-initiation of semantic strategy use instead of individual differences in semantic processing ability.
We also found a negative correlation between forward serial clustering and age. This suggests that age may lead to reductions in use of memory strategies that facilitate retrieval of word order. This finding was unexpected given that prior research has not found significant negative associations between age and forward serial clustering (Hazlett et al., 2010; Murphy et al., 1997) . However, the sample size of the present dataset was much larger than the sample sizes of previous studies that have examined the effects of age on forward serial clustering, which may explain why the negative relationship between age and forward serial clustering in the present research differs from the results of prior studies.
We hypothesized that there would not be a significant positive relationship between prefrontal regional gray matter volumes and serial clustering across the adult lifespan in this dataset. A limitation of doing so is that it is not possible to definitively prove a null hypothesis. However, consistent with our hypothesis, prefrontal regional gray matter volumes were not significantly positively correlated with forward serial clustering in the present research. While there may be many reasons for the lack of significance, this finding is consistent with prior research that has either found no significant relationships (Hazlett et al., 2000; Rannikko et al., 2012) , or negative relationships, between prefrontal structure or activity (Hazlett et al., 2004; Matsui et al., 2008) and forward serial clustering. Interestingly, negative correlations between prefrontal structure or activity and forward serial clustering occurred in regions that also had significant positive correlations between gray matter volume (left inferior prefrontal cortex; Matsui et al., 2008) or activity (left dorsolateral prefrontal cortex; Hazlett et al., 2004) and semantic clustering. Forward serial and semantic clustering are typically negatively correlated (Savage et al., 2001) . Therefore, the associations between forward serial clustering and prefrontal structure or activity in these studies may have actually been driven by prefrontal support of self-initiated semantic memory strategy use. Overall, the lack of significant positive correlations between prefrontal structure or function and forward serial clustering in the present and prior research, and the lack of serial clustering impairments following prefrontal lesions (Alexander et al., 2003; Baldo et al., 2002; Stuss et al., 1994) , suggest that prefrontal cortex does not play an essential role in supporting the self-initiated strategic processes that lead to relatively high levels of forward serial clustering. Future research is needed to identify the brain regions that do play a necessary role in those strategic processes.
The present research used clustering analyses of word retrieval order to investigate the neural correlates of self-initiated memory strategy use across the adult lifespan. An advantage of using this strategy assessment technique is that it is an objective measure of selfinitiated memory strategy use. In addition, it is the most common method of assessing self-initiated memory strategy use in the prefrontal lesion (e.g., Alexander et al., 2003; Baldo et al., 2002; Gershberg and Shimamura, 1995; Hildebrandt et al., 1998; Stuss et al., 1994) and neuroimaging research (e.g., Hazlett et al., 2004 Hazlett et al., , 2010 Matsui et al., 2008; Nohara et al., 2000; Savage et al., 2001 ) that has investigated the neural correlates of self-initiated strategic processing. However, this strategy assessment method has multiple limitations. It is not possible to determine from clustering analyses alone which specific encoding and retrieval strategies younger and older adults have used to study and retrieve words. For example, self-initiated use of multiple different semantic strategies during encoding could lead to semantic clustering during recall (e.g., rehearsal of words grouped by semantic category, story formation, sentence generation, thinking about the personal relevance of words, etc.). Therefore, clustering analyses cannot be used to identify the brain regions that support self-initiated use of specific memory strategies. In addition, serial and semantic clustering during recall could reflect self-initiated strategy use during encoding, recall, or both. Therefore, it is not possible to determine whether the positive correlations between semantic clustering and prefrontal regional gray matter volumes in the present research are driven by self-initiated strategic processing during encoding, recall, or both. Finally, clustering analyses of word retrieval order are likely not pure measures of intentional use of memory strategies. For example, retrieval of words grouped by semantic category during recall could be driven by an individual's purposeful use of category information learned during encoding to facilitate recall. Alternatively, semantic clustering during recall could result from retrieval of one member of a semantic category automatically triggering recall of other members of the category. Therefore, clustering during recall may at least in part reflect automatic retrieval of associations formed during encoding. Importantly, prior research has shown that the order in which individuals spontaneously rehearse categorized and unrelated word lists during encoding is reflected in their clustering scores during recall (Weist, 1972) . This demonstrates that clustering during recall is a valid measure of self-initiated memory strategy use, albeit an imperfect one. Future research that examines the relationships among age, prefrontal structure, and self-reported spontaneous encoding and retrieval strategy use is needed to identify the brain regions that support self-initiated use of specific encoding and retrieval strategies across the adult lifespan, and to identify which prefrontal regional brain volumes mediate age effects on the use of specific encoding and retrieval strategies.
Another limitation of the present research is that mediation analyses were conducted on cross-sectional data. Statistical simulations have suggested that mediation analyses of cross-sectional data in aging research can both overestimate and underestimate the true relationships between longitudinal changes in hypothesized mediator variables and outcome variables (Lindenberger et al., 2011) . Therefore, longitudinal research needs to be conducted to further investigate the role of age differences in prefrontal gray matter volumes in age differences in selfinitiated use of elaborative memory strategies.
Currently, it is unknown whether reductions in prefrontal gray matter volume are associated with reductions in memory strategyrelated activity in affected regions across the adult lifespan, or whether reductions in prefrontal gray matter volume are associated with increases in memory strategy-related activity in affected regions within some age groups. Therefore, future research should examine the relationships among prefrontal regional gray matter volumes, prefrontal brain activity levels during encoding and retrieval, and elaborative strategy use within a longitudinal adult lifespan sample. Future research is also needed to explore whether age differences in bilateral middle and left inferior frontal gray matter volumes are significant contributors to age differences in self-initiated strategic processing within other cognitive domains.
Conclusions
Age differences in self-initiated memory strategy use contribute to age differences in episodic memory. This research suggests that bilateral middle and left inferior frontal regions support self-initiated semantic memory strategy use across the adult lifespan. It also suggests that age differences in gray matter volume in these regions are a significant contributor to age differences in self-initiated use of semantic memory strategies during encoding and/or retrieval of episodic memories.
